Abstract This study aimed to assess the changes in quality of tambaqui sous vide during refrigerated storage using degradation kinetics. Tambaqui sous vide was prepared and stored at three temperatures (1, 4, 10°C). The microorganism counts and the physicochemical analyses were analyzed every three days. The results obtained were fitted to the Labuza models and by Arrhenius equation. The results of the microbiological and physicochemical analyses obtained better fits to the zero-order model. The Arrhenius equation better fit to the velocity constants of the zero-order model, which showed that the changes in the values of attributes are related to temperature. Higher Ea values were found for the microorganism counts than for the physicochemical parameters, which proves the greater dependency of microorganisms on variations in temperature. The assessment of changes in quality based on temperature allows the storage conditions to be optimized.
Introduction
The shelf life of fish-based refrigerated products is limited due to the spoilage attributed to microbial activity and chemical and biochemical changes. Using mathematical models to predict quality allows industries to optimize storage in order to minimize economic losses (Raab et al. 2008; Tsironi and Taoukis 2010; Zhang et al. 2011) .
The sous vide technique consists in creating a vacuum and combining it with controlled cooking, which results in a ready-to-eat product that can be consumed immediately or be refrigerated/frozen to be consumed later. The use of vacuum packaging and pasteurization in sous vide preparation is responsible for maintaining sensory quality and physicochemical and microbiological stability during storage (Cosansu et al. 2011; Picouet et al. 2011) .
Temperature control during storage until consumption is one of the main parameters that affect product quality, thus, studies have used models to predict changes in quality during storage and the effect of different conditions, time, and temperature on shelf life (Tsironi and Taoukis 2010; Zhang et al. 2011; Olivera and Salvadori 2012) .
The chemical and biochemical reactions that affect the product during processing and storage are very complex, hence it is easier to analyze them using mathematical models based on laws of chemistry. Therefore, kinetic studies are required to develop appropriate mathematical models able to predict the effects of time, temperature, water activity, and other parameters on the changes during processing and/or storage (Olivera and Salvadori 2012) .
The classic Arrhenius model is commonly employed to describe the relations between temperatures and the rate of reactions on biological and food systems. It is particularly appropriate for systems with a broad range of temperatures with no great changes in the mechanisms that determine the kinetic reaction rate constant (Kong et al. 2007) .
When storage temperature is constant (isothermal condition), the kinetic orders (zero, first, and second orders) can be easily integrated to obtain decreasing functions with estimated values of the reaction rate constant (k). (Derossi et al. 2010) . Once the values of k are estimated, the Arrhenius equation is traditionally used to describe the dependency of k values on temperature and to estimate the reaction's activation energy. A large amount of experimental data supports this method to predict product shelf life (Garcia-Garcia et al. 2008) . Studies have established quality predictive models for different fish-based products (Tsironi and Taoukis 2010; Tsironi et al. 2011; Zhang et al. 2011) .
This study aimed to assess the changes in quality of tambaqui sous vide during refrigerated storage at different temperatures using degradation kinetics.
Materials and methods

Tambaqui sous vide preparation
Product preparation followed the good practice guidelines for food preparation, beginning with unthawing the fillets under refrigeration and standardizing the pieces of approximately 5 9 7 9 2.5 cm of the lumbar portion of the fillets. A sauce was prepared containing 3% basil (Ocimum basilicum), 2% oregano (Origanum vulgare) and 3% onions (Allium caepa) dehydrated, 16.5% apple vinegar, 16.5% rice vinegar, 4% salt, and 55% water.
Fish portions with 200 g were placed in nylon/smooth polyethylene coextruded sous vide packaging (20 9 25 9 18 cm) (Solupack, Barueri, SP, Brazil) along with 50 g sauce, at a 1:4 fish fillet:sauce ratio, and 10 mL 5% sodium lactate. After sauce was added, the samples were placed in a vacuum sealer (Fastvac, F200, Rio de Janeiro, RJ, Brazil) and then the products were pasteurized in a water bath (Quimis, Q-350-2, São Paulo, SP, Brazil) at 65°C for 12.5 min counted from the moment the center of the sous vide package reached the process temperature (Baldwin 2012) . Immediately after the heat treatment, the samples were cooled down in ice water until reaching 0°C and were then stored at 1 ± 1°C, 4 ± 1°C, and 10 ± 1°C (Mol et al. 2012 ).
Microbiological analysis
Counts of aerobic mesophilic and psychrotrophic microorganisms were performed in Standard Plate Count Agar (PCA-OXOID CM 325), of lactic bacteria in Man Rogosa Sharpe agar (MRS-OXOID CM 361), and of molds and yeasts in Dichloran Rose Bengal Chlortetracycline Agar (DRBC-DIFCO 258710). All analyses were performed in triplicate at time 0 and every 3 days during storage and followed the methodologies described in the Compendium of Methods for the Microbiological Examination of Foods (Downes and Ito 2001).
Physical and physicochemical analyses
A Minolta CR 310 colorimeter was used to determine instrumental color in the CIE (Commission Internationale de L'Eclairage) space for the parameters L* (lightness), a* (red color intensity), and b* (yellow color intensity). The color analyses calculated total color difference
Instrumental texture was analyzed using a texturometer (Brookfield, QTS, Midleboro, USA). The test conditions were: room temperature; compression force measure; testing velocity: 2.0 mm/s; trigger point: 0.1 N; distance: 114 mm; target value: 20 N; and deformation: 7 mm. The firmness parameter was assessed in standardized sous vide cuts (2 9 2 9 1.5 cm) with six repetitions.
pH was analyzed according to AOAC method 981.12 (2000) and the total volatile basic nitrogen (TVB-N) was determined according to Brasil (1999) . The thiobarbituric acid reactive substances (TBA) were determined using the methodology proposed by Vynck (1970) and the results were expressed in mg malondialdehyde (MDA)/kg. All analyses were performed at time 0 and every three days during storage.
Quality prediction models: kinetic parameters
The results obtained through the microbiological and physicochemical quality indices of tambaqui sous vide stored under controlled temperatures (1 ± 1°C, 4 ± 1°C, and 10 ± 1°C) were fitted by the zero-order and first-order models (Labuza and Shapero 1978) represented in Eqs. 4 and 5, respectively
where C 0 = initial concentration of the attribute analyzed at time 0; C t = concentration of the attribute analyzed at a time t; k = reaction rate constant (days -1 ); and t = storage time (days).
The values of k were obtained through the slope of the regression of ln (C/C 0 ) versus time. The dependency of k on temperature was analyzed using the Arrhenius equation or Arrhenius modified equation (Ratkowsky et al. 1982) , i.e., Equations 6 and 7:
where k0 is the frequency factor; EA is the activation energy (J/mol); T is absolute temperature (K); R is the gas constant (8.3144 kJ/mol); and k0 and EA are the trial's constants related to the nature of the response system. In the reaction rate constants calculated at different temperatures, the slope of the regression line (-E A /R) was obtained from the plot ln K versus 1/T. The activation energy (E A ) was obtained from the slope of the regression line, while the frequency factor (k 0 ) was obtained from the intercept of the regression line. Predictive models of tambaqui sous vide stored at 1, 4, and 10°C were estimated based on the calculations of E a and K 0 .
Statistical analysis
All data underwent analyses of variance (ANOVA) and Tukey's test was used to compare the means (p \ 0.05) in the software STATISTICA 6.0. Determination coefficients (R 2 ) above 80% and mean relative error (P) below 10% were considered indicators of well-fitted models. The linear and non-linear regression models were used for the kinetic modeling and the interaction criteria used were Quasi Newton and Hooke-Jeeves pattern moves. All analyses were carried out in triplicate.
Results and discussion
Microbiological evaluation
Storage temperature had a significant effect (p \ 0.05) on the counts of mesophilic, psychrotrophic, and lactic bacteria over the 45 days of storage. The initial mesophilic bacteria count-considered a microbiological quality indicator-was 3.6 9 10 2 CFU/g and the samples stored at 10°C reached counts above the limit set by the ICMSF (2005) of 10 6 CFU/g by the 27th day. The samples stored at 1 and 4°C remained below the maximum limit throughout the 45 days.
The initial count of psychrotrophic bacteria in tambaqui sous vide was 1.0 9 10 1 CFU/g and remained below 10 4 CFU/g at all temperatures studied. The psychrotrophic bacteria indicate the spoilage level of refrigerated products. The mesophilic and psychrotrophic aerobic bacteria, although not related to public health problems, have the capacity to deteriorate fish through proteolytic and lipolytic processes, even in freezing temperatures, reducing their commercial life time (Lanzarin et al. 2011) . Several authors have found mesophilic and psychrotrophic bacteria counts in Black Sea whiting sous vide (Merlangius merlangus euxinus) above 10 6 CFU/g after the 35th day of storage at 4°C (Gonzalez-Fandos et al. 2005; Cosansu et al. 2011; Mol et al. 2012) .
High cooking temperatures decrease the mesophilic and psychrotrophic bacteria counts during storage. However, cooking sous vide at high temperatures for a long time may cause loss of the product's sensory acceptability (GarciaLinares et al. 2004; Gonzalez-Fandos et al. 2005 ). According to Paik et al. (2006) , mesophilic microorganisms, which survive the pasteurization process, also grow in refrigeration conditions and cause product spoilage at abusive temperatures.
The initial lactic bacteria count was 5.0 9 10 1 CFU/g, however, it increased to 10 4 CFU/g by the 12th day of storage at 10°C. Lactic acid bacteria are able to grow in anaerobic/microaerobic environments and may be associated with the spoilage of sous vide products. They are reported as prevalent microorganisms in the spoilage of meat products and vacuum-packaged products provide an ecosystem that stimulates the growth of such bacteria (Shakila et al. 2009 ).
The initial count of molds and yeasts was 5.0 9 10 0 CFU/g and reached 10 5 CFU/g on the 45th day of storage at 10°C. The presence and growth of this microorganism may occur in vacuum-packaged products due to the presence of residual oxygen. Díaz et al. (2011) , when analyzing salmon sous vide stored at 2°C, reported mean values of 10 4 CFU/g and found no significant difference (p [ 0.05) during storage.
Physicochemical evaluation
The initial A w value was 0.989 and variations were observed over the 45 days of storage at the three temperatures, with a significant difference (p \ 0.05) between the 3rd and 33rd days of storage. Similar results were reported by Gonzalez-Fandos et al. (2005) and Díaz et al. (2011) when storing salmon sous vide at 2°C for 45 days and 5 weeks, respectively.
The initial pH of the sous vide was 5.22, with a difference (p \ 0.05) between the 3rd and 45th days of storage at the different temperatures, never exceeding the limit set by the Brazilian legislation (Brasil 1997) . Studies with salmon sous vide (Cosansu et al. 2011; Picouet et al. 2011) and Atlantic bonito sous vide (Mol et al. 2012 ) reported pH above 6.12 during storage at 4 and 12°C.
The initial TVB-N value was 8.28 mg N/100 g and a significant increase (p \ 0.05) was observed over the 45 days of storage. The samples stored at 10°C reached values of 33 mg N/100 g on the 45th day, above the one set as the limit (30 mg N/100 g) by the legislation (Brasil 1997 ). Can (2011) , when analyzing carp sous vide, found 40.7 N/100 g TVB-N on the 56th day of storage at 10°C and values below 30 mg N/100 g at 2°C. However, Mol et al. (2012) stored Atlantic bonito sous vide for 27 days and found TVB-N values of 47.72 and 49.04 mg N/100 g at 4 and 12°C, respectively.
The initial TBA value in sous vide was 0.103 mg MDA/ kg, with a significant increase (p \ 0.05) between the 3rd and 45th days of storage at the temperatures studied. The maximum value found was 0.291 mg MDA/kg in the sous vide stored at 4°C. Bhat and Pathak (2010) to analyze Harrisa using mutton meat also found a increase significant (p \ 0.05) in the TBA values with storage period at 4°C. According to Schormüller (1968) , TBA values below 3 mg MDA/kg indicate excellent quality, between 3 and 5 mg MDA/kg are considered good quality, and the maximum limit for food consumption is 8 mg MDA/kg.
The firmness analysis of sous vide showed a decrease in this parameter over storage at the temperatures studied, with a significant difference (p \ 0.05) between the 3rd and 45th days; the highest value was 20.86 N at 4°C on the 45th day. Olivera et al. (2013) was also observed a decrease in texture vacuum packed raw meat at the same temperature.
The values of L* in the sous vide samples decreased over storage (p \ 0.05), with a darkening trend, due to the influence of the color of the sauce. The lowest values of this parameter were observed at 10°C. The combined effects of vacuum cooking and fish exudate (in the sauce) caused increased the parameters a* and b*, referring to red and yellow color intensity, respectively, over storage (p \ 0.05).
The parameter chroma (C*) in the tambaqui sous vide samples differed (p \ 0.05) between the 3rd and 45th days of at the storage temperatures assessed. These results had a greater impact on the yellow color than on the red. Pulgar et al. (2012) stated that chroma is related to the myoglobin levels and its denaturation.
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Kinetic parameters
The kinetic modeling was performed considering that all attributes analyzed had a single behavior over storage, with values of the determination coefficient above 0.90 and of the mean relative error below 10% as suggested by Lomauro et al. (1985) . When the data were analyzed through the plots, several distinct regions were observed, thus the data were separated into phases. Table 1 shows the parameters separated by phases for the zero-order and first-order Labuza models. When these values are compared, both models are shown to have good fits to the results of the physical and physicochemical analyses, with R 2 above 0.90, except for the TVB-N in the first-order model with R 2 of 0.787 at 10°C. The zero-order model better fit the results of the parameters analyzed in tambaqui sous vide (R 2 [ 0.90; p \ 10%). The mean relative errors were lower, matching what Lomauro et al. (1985) suggested, for both models, except the TBA values (4°C/3rd phase) for the zero-order model and DE (1 and 10°C/1st phase) for the first-order model; nevertheless, they were very close to the standard. T1 obs -1 phase T1 obs -2 phase T1 obs -3 phase T1 pred -1 phase T1 pred -2 phase T1 pred -3 phase T4 obs -1 phase T4 obs -2 phase T4 pred -1 phase T4 pred -2 phase T10 obs -1 phase T10 obs -2 phase T10 pred -1 phase T10 pred -2 phase The results of the reaction rate constants (k) in both models varied for some parameters studied (Table 1) . The values of k obtained for TVB-N increased with temperature. Since this index indicates spoilage in fish products, using lower temperatures is important. Zhang et al. (2011) , while studying predictive models to monitor the quality of carp (Ctenopharyngodon idellus) fillets stored at different temperatures (-3, 0, 3, 9, and 15°C) Lactic bacteria counting (UFC/g) T1 obs -1 phase T1 obs -2 phase T1 obs -3 phase T1 obs -4 phase T1 pred -1 phase T1 pred -2 phase T1 pred -3 phase T1 pred -4 phase T4 obs -1 phase T4 obs -2 phase T4 obs -3 phase T4 obs-4 phase T4 obs -5 phase T4 pred -1 phase T4 pred -2 phase T4 pred -3 phase T4 pred -4 phase T4 pred -5 phase T10 obs -1 phase T10 obs -2 phase T10 obs -3 phase T10 obs -4 phase T10 pred -1 phase T10 pred -2 phase T10 pred -3 phase T10 pred -4 phase T10 pred -4 phase Lactic bacteria counting (UFC/g) T1 obs -1 phase T1 obs -2 phase T1 obs -3 phase T1 obs -4 phase T1 pred -1 phase T1 pred -2 phase T1 pred -3 phase T1 pred -4 phase T4 obs -1 phase T4 obs -2 phase T4 obs -3 phase T4 obs -4 phase T4 obs -5 phase T4 pred -1 phase T4 pred -2 phase T4 pred -3 phase T4 pred -4 phase T4 pred -5 phase T10 obs -1 phase T10 obs -2 phase T10 obs -3 phase T10 pred -1 phase T10 pred -2 phase T10 pred -3 phase Yeasts and Mosts counting (UFC/g) T1 obs -1 phase T1 obs -2 phase T1 obs -3 phase T1 obs -4 phase T1 pred -1 phase T1 pred -2 phase T1 pred -3 phase T1 pred -4 phase T4 obs -1 phase T4 obs -2 phase T4 obs -3 phase T4 pred -1 phase T4 pred -2 phase T4 pred -3 phase T10 obs -1 phase T10 obs -2 phase T10 obs -3 phase T10 pred -1 phase T10 pred -2 phase T10 pred -3 phase b a e d f c Fig. 3 Model fit to the microorganisms analyzed in tambaqui sous vide: a mesophilic (first order); b psychrotrophic (zero order); c psychrotrophic (first order); lactic (zero order); e lactic (first order); f molds and yeasts (zero order) mesophilic bacteria count. Tsironi et al. (2011) found a better fit of the first-order Labuza model (R 2 = 0.97) regarding the changes in color parameters when working with gilthead seabream (Sparus aurata) stored at 0, 2.5, 5, 10, and 15°C. Table 2 shows the microbiological analysis parameters at the different phases found for the zero-order and firstorder Labuza model. Both models obtained good fits to the data since the coefficients of determination values were above 0.80.
Regarding the mean relative errors of both models, most values were within the standard 10% suggested by Lomauro et al. (1985) . The counts of psychrotrophic bacteria at 10°C/1st phase and of mold and yeasts at 4°C/3rd phase for the zero-order model and the counts of psychrotrophic bacteria at 1°C/4th phase and at 4°C/2nd phase and of lactic bacteria at 10°C/2nd phase had p values out of the standard range. Hence, the zero-order model better fit the results found for psychrotrophic bacteria, lactic bacteria, and molds and yeasts, while the first-order model had the best fit to the mesophilic bacteria counts. It was found that the zero-order model had the best fit to the physicochemical and microbiological parameters since it is a simpler model that facilitates the fit of the model to the data.
The reaction rate constant increased with temperature for mesophilic and lactic bacteria in both models and was in accordance with the behavior of these bacteria to develop at higher temperatures. As these microorganisms multiply more quickly, this contributes to product spoilage.
Such behavior was not observed for the psychrotrophic bacteria and molds and yeasts (Table 2) . Figure 1 shows both the zero-order and first-order Labuza models fitted to the results of the physicochemical analyses over storage at the temperatures studied. It can be seen that only one phase obtained good fits for texture in both models, with the force applied on the product decreasing over storage (Fig. 1a, b) . TVB-N had the best fit to the zero-order model, i.e., this parameter increased linearly (Fig. 1c) . TBA values had three behavior phases: The values increased linearly until the 24th day, entered steady state in the second phase, and increased between the 33rd day (3rd phase) and the end of storage (Fig. 1d, e) .
The values of chroma (C*) at 1°C had three phases for either model and only two phases at 4 and 10°C, increasing over storage. As previously mentioned, the samples depend more on parameter b* (yellow intensity) than on a* (Fig. 2a, b) . For parameter DE, the zero-order model had a better fit than the first-order model, increasing over storage (Fig. 2c, d) .
The mesophilic bacteria counts had more than three phases and the first-order model had the best fit exponentially with the increase in the counts of these microorganisms at 10°C (Fig. 3a) . In order to slow down the growth of these microorganisms, tambaqui sous vide must be stored at lower refrigeration temperatures. The psychrotrophic bacteria counts had more than three phases for either model, with lower development at the lower temperatures studied (Fig. 3b, c) . The behavior of the lactic bacteria fitted both Labuza models (Fig. 3d, e) . For molds and yeasts, the zero-order model had the best fit to the data at all temperatures studied (Fig. 3f) . Table 3 shows that the kinetic parameters were determined in a single phase for TVB-N, while for C* the fit was in two phases and for TBA and DE the fit was in three distinct phases. The reaction rate constants (k) found in the zero-order model (Table 3) show that the Arrhenius equation fitted the TVB-N and TBA data in the 1st phase. The variables C* and DE did not have good fits in the first phase since the coefficient of determination values were below 80%. For the same reason, only the parameter TBA did not have a good fit in the second phase. Table 4 shows the values for activation energy obtained by the Arrhenius equation for the microbiological analyses. According to the reaction rate constants (k) found in the zero-order model, it can be seen that the Arrhenius equation fitted the data of mesophilic, psychrotrophic, and lactic bacteria and molds and yeasts (third phase) with higher R 2 and p (%) values, except for mesophilic samples (first phase) with p above 10%, but close to the limit established (Table 4) . The values of k for the counts of molds and yeasts in the first and second phases did not fit the Arrhenius model with R 2 values below 0.80 and p above 10%.
For the reaction rate constants of the first-order model, the Arrhenius model fitted the data of mesophilics (first phase), while it only fit the data of psychrotrophic and lactic bacteria and molds and yeasts in the second and third phases. The reaction rate constant of the zero-order model had the best fits to the Arrhenius equation for the results of the microbiological and physicochemical analyses.
It is also seen that the difference of the activation energy values for tambaqui sous vide in the microorganism counts (mesophilic, psychrotrophic, and lactic bacteria and molds and yeasts) was due to the different microorganism groups analyzed and the different temperatures used, which impacted the grow rate of these microorganisms. Higher E A values were found for the microbiological than for the physicochemical parameters, which proves the greater dependence of microorganisms on variations in temperature. Tsironi and Taoukis (2010) and Tsironi et al. (2011) , while using predictive models to monitor the shelf life of gilthead seabream (S. aurata) stored under refrigeration, found that the results fitted the Arrhenius equation, confirming the dependency of the growth of lactic bacteria and molds and yeasts on temperature. Zhang et al. (2011) , when using models to predict the shelf life of carp (C. idellus) fillets stored under refrigeration, found R 2 values above 0.90 and low p values using the Arrhenius equation for TVB-N, TBA, and mesophilic bacteria count.
Conclusion
The results of this research indicate that maintaining the quality of tambaqui sous vide depends on storage conditions. With storage at 1°C, sous vide microbiological and physicochemical quality remained good for 45 days, slowing spoilage and yielding better product quality than the other temperatures studied.
The Arrhenius equation best bit to the reaction rate constants of the zero-order model for the microbiological, physical, and physicochemical results. Higher E A values were found for the microorganism counts than for the physicochemical parameters, which proves the greater dependency of microorganisms on variations in temperature.
It is concluded that quick calculations to asses changes in quality based on temperature allows the storage conditions to be optimized, costs to be cut down, and losses to be prevented.
